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Comet – Physical Composition

Physical Composition of Comets
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Comet Physical Composition

Gas (H2O, CO2, and Super Volatiles)

Dust (Silicate Grains) and Refractory Organics

Water (in the form of Ice – major component)

The Elephant in the Room: How these three 
components are put together in a comet’s nucleus?
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Density

Icarus 277 (2016) 257–278

Density = 532 ± 7 kg m−3

Crystalline CO2 (30 K) = ~1200 kg m−3

Crystalline water-ice = 920 kg m−3

Amorphous water-ice = ~500 - 800 kg m−3

Refractory Organics = ~600 kg m−3

Carbonaceous chondrites = ~3000 to 3700 kg m−3
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Thermal Inertia

Science, 349, aab0464, 2015

Thermal Inertia: 85±35 J m-2K-1s-1/2

Thermal gradient?
Is Cometary Nucleus Thermally Equilibrated?

Is it 40 K (KBOs), or ?
© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Surface

Science, 349, aaa9816, 2015

~20 cm granular (soft)
Below hard crust??

How thick is the soft dust – cm range or m range?
Is there a “harder crust” below? 
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Dust & Porosity

Dust/Ice = 0.4 – 2.6
Porosity = 75 -85% 

Science, 349, aab0639, 2015

What is Dust (We need a common definition)
Carbonaceous Chondrites? Silicates only? Refractory Organics? 

Including Ice Particles? 

How accurate?
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Comet – Chemical Composition

Chemical Composition of Comets
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Interstellar Ice Grains: Loaded with Organics 

Dense Molecular Clouds 
(The Eagle Nebulae)

Star-forming Regions / 
Protostars

Amorphous Interstellar Ices

Oort Cloud Comets – Similar Composition?
© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Similar Composition: 
Comets and Interstellar Ice Grains 

XC
N
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Complex Organics

Complex Organics – How and Where From?
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Refractory/Complex Organics: 
Where and How they are formed?

Photons/Electrons
Cosmic Rays
Debris/Collisions

Temperature

Raw Material
H2O, NH3, CH3OH, CO

Building Blocks
Atoms, Radicals & Ions

Biomolecules
Amino Acids etc.

Cryogenic 
Cosmic Ices

Radicals, 
Ions, 

Electrons, & 
Molecules

Amino Acids,
Micelles, etc.

Photons/Electrons
Cosmic Rays
Debris/Collisions

Temperature
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*

* *

*

* * * * *

* *
* *

Understanding	Prebiotic	Chemistry	in	Comets

Understanding	intricate	
details	of	how	biomolecules	

could	have	evolved	or	
degraded	in Interstellar	Ices	
(Origin	of	Life),	Comets,	and	

on	other	Solar	System	
Bodies.

At Murthy’s Ice Spectroscopy Lab (ISL) @ JPL
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Oxygenation of Organics in Ices under Radiation 

Even under coldest interstellar conditions

2S-LAIMS	Spectrum

Gudipati & Yang ApJL 756, L24, 2012
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Radiation

O-atom
addition

H and O 
addition

Ionization-Mediated Radiation-Chemistry in Ices

5 K
© 2017 California Institute of Technology. Government sponsorship acknowledged.



16

Realistic Cometary/Interstellar Ice Analogs

Henderson and Gudipati ApJ - 800:66 (17pp), 2015

Snapshots/Scooping the Evolution of Astrophysical Ice Analogs

Interstellar / 
Cometary Ice 

Analogs
Produce Key 

Building Blocks
Of Life upon

Radiation 
Processing
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Molecules found in interstellar ice analogs 

NH3 less reactive than CH3OH under radiation
© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Complex Organics

Complex Organics:  
Already formed in Molecular Clouds
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H2O Ice & Super Volatiles 

How are Super Volatiles Trapped in H2O Ice?
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Ice Composition VUV Studies

NH3

Top: VUV Optical Constants of Pure H2O Ice
Bottom: Absorption Spectra of NH3 and H2O ice with 10%NH3

30%H2O2 in H2O Ice

Absorbance of H2O Ice

Strongly 
Bonded
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Crystalline H2O Ice <160 K; Amorphous H2O Ice <<80 K
CO2 Ice <70 K; Super Volatiles ~30 K

Depletion Temperatures of Volatiles

Gudipati et al., (NIST, VUV) – to be published
Martin-Domenech et al., A & A 2014, 564
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Amorphous vs. Crystalline H2O Ice

A Comet’s Nucleus – What is it?
Amorphous or Crystalline?

Amorphous Ice Traps Large Amounts of Impurities!

Crystalline Ice Expels Impurities!
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Macroscopic Amorphous Ices in the Lab:
Simulating Interstellar & Comet Ices

150 K Deposition 5 K Deposition
(Crystalline) (Amorphous)
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Amorphous to Crystalline – Exothermicity

Robert Wagner and Murthy Gudipti (2013) 
to be published

Impurities may change exothermic to endothermic (amorphous 
to crystalline) transition – to be confirmed in the laboratory 
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Crystalline Ice NOT a Good Host for Impurities
1:500 Pyrene in H2O Ice 

UV - PAH

Flu - PAH

IR - Ice

Lignell & Gudipati 
J. Phys. Chem A. 
119 (2015) 2607 
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Is there a Crystalline-Ice-Dust-Sintered Mantle?

Lignell & Gudipati J. Phys. Chem A. 119 (2015) 2607 
Comet CG/67P

~0.1 m

Ejection of Impurities
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How Primitive is a Comet’s Interior?

~0.1 m

30 K – 50 K

Mastrapa, Grundy, Gudipati (Solar System Ices 2013)

How Thermally Equilibrated are Comets?

JFC

KBO 

Crystalline-ice-Silicate Crust?

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Amorphous vs. Crystalline H2O Ice

More Laboratory Studies on 
Volatile Trapping of Crystalline Ice

It is likely that O2 and NH3 bond strongly with H2O 

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Trapping of Volatiles in CO2 Ice

CO2 is up to 20% of H2O 

Can form Separate CO2 Ice Domains

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Where are the Volatiles Trapped? 
H2O-Ice or CO2-Ice

Altwegg et al.,

During Outbursts from Interior CO2 is accompanied by Volatiles

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Production rates of the volatiles between July and September 2015 increased by a factor 24, 
water by a factor 8.4. This is most probably also due to the outbursts, which release mostly 
species more volatile than water.

ROSINA/Altwegg et al.
© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Trapped vs. Segregated Volatiles

<<1% = Trapped (Depleted Super Volatiles)

1-5% = Trapped (with moderate binding with host)
H2O/NH3 or H2O/O2

5 – 20 % = Segregation domains (H2O vs. CO2)

No Laboratory Studies on Hand to Determine 
How CO2 Ice Traps Volatiles

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Trapping of Volatiles in CO2 Ice

Laboratory Work is Needed

© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Outbursts from Pressurized Pockets?

H2O/CO2

H
O

T

C
O

LDW
AR

MC
O

LD

H2O/CO2

G. Filacchione et al., Science (2016)
Seasonal exposure of carbon dioxide ice on the nucleus of comet 67P/CG
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Conclusions

Cometary Nucleus of 67P/CG is Depleted in Super 
Volatiles: 

Reactive/Polar/Hydrogen-bonding molecules such 
as O2, NH3, HCN, CH3OH, should go with H2O ice.

CO2 ice may provide better trapping for non-polar 
molecules such as CO and CH4 etc.

Crystallization energy of CO2 ice is far less than 
H2O ice, providing more room for trapping other 
species – to be tested in the laboratory!

Is “Activity” from Thermally Processed Nucleus??
© 2017 California Institute of Technology. Government sponsorship acknowledged.
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Role of Silicate Grains

NO Laboratory Yet involving
Silicate Dust Grains + H2O + CO2 + Impurities

Ice-Coated Silicate Dust!
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Laboratory Studies Needed

- Exothermicity of Amorphous Water Ice with Impurities
- What is the survivability of Ar, Kr, O2, N2, CO, CH4

(Supervolatiles) – from Pre-Solar to Present Day 
(10 K – 40 K – 120 K)?

- How/Where are the refractory complex organics 
produced?

- H2O ice (amorphous vs. crystalline) and impurities
- CO2 ice (crystalline) and impurities
- Dust/Ice Simulations at 30 K – 150 K
- How does the interior of a JFC comet work? 

Like Pressure Cooker?
- …

Comet Nucleus Laboratory Research Consortium
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